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Pulsed sputter deposition has been demonstrated to be a viable process for the growth of high
quality GaN and InGaN/GaN LEDs. It enables the fabrication of nitride LEDs with a red emission
wavelength at large areas. In this study, we explore details on the epitaxial sputter deposition of
GaN with a particular emphasis on ion damage. By changing the argon to nitrogen ratio, we adjust
the growth mode from island to layer growth. TEM revealed speckles in the epitaxial GaN, which
could be identiﬁed as isolated basal stacking faults, acting as non-radiative recombination centers.
Using Monte Carlo methods, we modeled the energies of backscattered and sputtered atoms in order
to get information on the ion damage mechanisms. Considering the collisions on the way from the
target to the substrate, we found energetic nitrogen to induce the speckles. A shielding mechanism
based on metallic gallium has been identiﬁed, leading to the strongly increased luminescence
quality in comparison to the non-shielded material. Published by AIP Publishing.
https://doi.org/10.1063/1.5037340
INTRODUCTION
Today, GaN is widely used for LEDs and laser diodes
with fundamental emission wavelengths in the ultraviolet and
the blue/green part of the optical spectrum. In combination
with phosphor converters, they allow for white light emis-
sion. As a result, blue GaN LEDs have enabled a revolution
in solid state lighting. The standard technique to fabricate
group III-nitrides is the metal organic vapour phase epitaxy
(MOVPE), due to its relatively high growth rates and good
crystal and interface quality of the grown GaN structures.
Industrial MOVPE reactors have been scaled up more and
more within the past few years to meet the requirements of
mass production. Nevertheless, alternative growth techniques
with even higher throughput and lower cost structures as well
as potentially lower growth temperatures would be desirable.
In addition, metal-organic precursors and ammonia also con-
tribute to cost and complexity of MOVPE. Therefore, a
growth technique based on metallic gallium (Ga), aluminum,
indium, and molecular nitrogen being able to fabricate high
quality GaN at lower temperatures would be very desirable.
Recently, Pulsed Sputter Deposition (PSD) has been pro-
moted to be able to produce InGaN/GaN LEDs on the metal,
amorphous materials, and temperature-sensitive substrates.1,2
Sputtering fulﬁlls all the advantages mentioned above: lower
growth temperatures might be possible, since the atom and
molecular species have quite high kinetic energy themselves.
Even room temperature growth has been demonstrated.3,4
Usually, pure metals and N2 are used in the growth reactor
and GaN layers can be doped with Ge and Si for n-doping of
the material. Such n-doped ﬁlms exhibited improved proper-
ties with high electron concentrations of above 1020 cm−3
and a mobility of above 100 cm2 V−1 s−1.5,6 Furthermore,
p-doping was achieved.7 These results show the high poten-
tial of sputter deposition. In contrast to MOVPE, sputtering
is a process that is free of metalorganic precursors and the
nitrogen dissociates directly in the plasma, which is used for
sputtering the metal target. Therefore, no special nitrogen ion
sources are needed. The general scalability of sputtering pro-
cesses to very large areas and the extremely fast throughput
have already been demonstrated in many applications, for
example, for the production of silicon solar cells or for the
evaporation of reﬂective coatings on glass windows.8
Besides the potential advantages, however, the high kinetic
energies of atoms and molecules in the plasma are also one
of its major drawbacks, since high energy particles are able
to induce defects in the material. This is the reason why sput-
tering is usually not considered for the fabrication of semi-
conductor grade materials. In addition, the investigation of
defects is a difﬁcult and complex task. Up to now, the issue
of defect generation by high-energy particles during PSD of
GaN has only rarely been addressed in the literature.
In this paper, we report on detailed studies on the
plasma sputtering of GaN with a particular focus on defects
generated in the GaN semiconductor by high-energy plasma
generated species. Panchromatic and spectral cathodolumi-
nescence (CL) investigations are giving insights into the
structural and optical quality of the deposited material. The
impact of plasma damage has been identiﬁed by typical iso-
lated basal stacking faults in high resolution transmission
electron microscopy (HRTEM).9 In order to understand the
basic processes during sputter deposition, we compared oura)Author to whom correspondence should be addressed: F.Steib@tu-bs.de
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experimental results to simulations of ion paths during the
gas transport accompanied by additional simulations of
the energy transfer in the target, giving information on the
spatial and energy distribution of kinetic energies of the
sputtered species.
EXPERIMENTAL
For the sputter growth experiments, a conventional
sputter system with a vacuum chamber and a base pressure of
about 10−6 Pa has been used. The sputtering target consists
of liquid gallium (7N) in a molybdenum crucible with 50
mm diameter in a circular IONIX® UHV magnetron sputter
source. The setup is in sputtering-up geometry in order to
allow liquid gallium to be used as a sputter target. Nitrogen
and argon with a purity of 6N are used for the deposition
with reactive sputtering. The pressure in the chamber has
been adjusted by a control valve; in this study pressures of
1 Pa and 8 Pa are used. The system is equipped with four
different magnetron sources in a co-sputtering geometry
for parallel use. A mid-frequency pulsed DC Generator
MKS-RPG with a frequency of 250 kHz and a duty cycle of
80% and MAGPULS QP 1000/300 generator with 100 kHz
and a duty cycle of 50% provide the plasma power. For the
work reported here, a sputtering power for Ga of 80W is
used. During the ON time, the generators apply a negative
voltage at the Ga target. Electrons are accelerated and trapped
in the magnetic ﬁeld of the magnetron sources. The electrons
ionize neutral gas atoms by collisions. We estimated the ioni-
zation ratio of nitrogen by optical emission spectroscopy to
be below 5%. Positive ions are accelerated and sputter the Ga
target. The rest of the chamber is connected to the ground.
The manipulator with the substrate holder is connected to
ground via a 50 Ohm resistor. The substrate is mounted on a
molybdenum holder and is heated by a resistive graphite
heater encapsulated in boron nitride. Homoepitaxial GaN is
sputtered on 5 μm GaN buffers fabricated by MOVPE on
sapphire. The substrate is thermally cleaned at deposition
temperatures in vacuum. Deposition temperatures are set to
730 °C. The distance between target and substrate is ﬁxed at
100 mm for the experiments in this paper.
The morphology of the layers is investigated with a
scanning electron microscopy (SEM) and the optical proper-
ties of the semiconductor material by CL measurements at
room temperature in a TESCAN MIRA3 GMH system with
a GATAN MonoCL4. The structural characterization of the
PSD-grown samples was done by HRTEM. The investiga-
tions were performed with a FEI Titan 80–300 microscope
operated at 300 kV and equipped with an aberration corrected
imaging system. Besides classical dark-ﬁeld and weak-beam
techniques for defect characterization, HRTEM lattice
imaging under negative spherical aberration conditions9 is
used to reveal the defect structures in the crystal on an
atomic scale. The cross-section samples for HRTEM are pre-
pared by grinding on diamond lapping ﬁlms and by further
thinning of the samples to electron transparency by Ar ion
milling under low-incident angles of 4° with acceleration
voltages from 4 kV down to 200 V to minimize amorphous
surface layers.
RESULTS AND DISCUSSION
Parameters for growth optimization during pulsed
plasma sputtering are manifold, and often strongly correlated.
For the experiments presented in this paper, we solely have
modiﬁed the ratio of argon to nitrogen ﬂux, keeping all other
growth parameters nominally constant.
The Ar/N2 directly controls the Ga/N ratio during
growth. A higher Ar partial pressure leads to an increased Ga
sputter rate on the target. This is caused by the higher atomic
mass of Ar (atomic mass 39.9) in comparison to that of
molecular nitrogen (atomic mass 28). The higher mass of Ar
leads to a higher momentum transfer to the heavier Ga
(atomic mass 69.7) atoms, and hence to a higher sputter
yield (the relation between energy and momentum transfer
and the atomic mass of the participating atoms will be dis-
cussed in more detail later). Changing the Ar/N2 ratio is thus
equivalent to changing the III/V ratio, which has a strong
inﬂuence on the growth behavior.
To get insights into the elementary growth mechanisms
during sputtering of GaN, a set of samples has been grown
with systematically varying the Ar/N2 composition in the
process gas. SEM micrographs of this set are shown in Fig. 1.
For low Ar ratios of 37.5%, a rough surface with pyramidal
structures occurs, as seen in Fig. 1(a). By increasing the Ar
ratio, the layer morphology becomes smoothened, resulting in
larger islands with ﬂat c-facets. However, small voids can be
identiﬁed at the interface to the GaN buffer indicating that the
lateral growth is not perfect [see Fig. 1(b)].
A further increase of the Ar ratio [Fig. 1(c)] to a value of
55% leads to the formation of liquid gallium droplets on the
surface with ﬂat GaN layers in between. Gallium droplet for-
mation is caused by the higher Ga/N ratio during growth, see
Fig. 1. The Ga droplets do not evaporate during growth since
the evaporation rates at temperatures of 730 °C are too low in
comparison to the impingement rate of Ga atoms. We refer to
the conditions of sample A and B as being nitrogen-rich,
whereas the condition of sample C is Ga-rich.
These trends are consistent with ﬁndings from molecular
beam epitaxy (MBE), where low gallium rates lead to three-
dimensional growth and high Ga rates promote two-
dimensional layers.10 The reason for this behavior is the low
surface mobility of the Ga atoms under N-rich conditions due
to the high binding energy of Ga-N, resulting in pyramidal
structures. Under Ga rich conditions, a Ga ad-layer occurs,
leading to a much higher surface mobility of Ga atoms due to
a liquid-like behavior.11 The adatom mobility during sputter
deposition will very likely also depend on the kinetic energy
of impinging species, but generally speaking the obtained
results are similar to the behavior during MBE growth.
In order to analyze the optical quality of this set of
samples, we have performed panchromatic as well as spectral
cathodoluminescence (CL) experiments. It turned out that the
CL response of samples grown under nitrogen rich condi-
tions is 2 orders of magnitude lower than the optical response
from samples grown under Ga-rich conditions, during which
Ga droplets are formed.
Samples grown under Ga rich conditions, forming Ga
droplets, show a pronounced spatial inhomogeneity of their
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luminescence properties [see Fig. 2(b)]. The regions between
the droplets (blue) show a near band edge emission (NBE) at
3.4 eV without blue and yellow band emission, which often
occurs in the range of 2.3 eV and 2.8 eV, respectively. CL
from regions directly below a Ga droplet cannot be observed
by CL, due to the e-beam and light absorption of the Ga
droplet. However, luckily, regions below the Ga droplets at
least partly become visible to CL investigations by Ga drop-
lets moving across the sample surface during growth or by
coalescence of Ga droplets after growth, during cool-down.
This causes round features (see Fig. 2) in the vicinity of a Ga
droplet, being clearly visible in the CL micrograph. The CL
intensity from these regions is much higher than from the ﬂat
GaN regions between Ga droplets.
The material that was originally positioned under the Ga
droplets has been grown under completely different growth
conditions, obviously resulting in improved quality, leading
to a 10 times brighter NBE as compared to the regions which
have not been covered by Ga droplets. The spectrum of GaN
grown under a Ga droplet shows in addition to the near band
edge emission a blue defect luminescence at around 2.8 eV
and yellow luminescence YL at around 2.3 eV (green). It is
straightforward to assume that one potential reason for the
higher optical efﬁciency of the GaN layer growing under Ga
droplets is the modiﬁed growth mechanism, which would be
a vapour liquid solid (VLS) mechanism. In VLS mode, nitro-
gen diffuses into the Ga droplet forming nitrogen saturated
liquid Ga. As a consequence, GaN is formed at the droplet-
solid interface.12
Similar effects have already been described by Junaid
et al.13 using high power impulse sputter deposition of GaN
on sapphire. The authors observed similar round shapes with
improved crystalline quality and identiﬁed them as being less
strained GaN by Raman spectroscopy. They found a high
number of speckles by TEM in the material outside of the
round areas and believed the reason to be energetic bombard-
ment. In the published TEM image are regions visible that
are free of speckles and Junaid et al. explained it by point
defect diffusion.
The origin of the improved optical quality of GaN
grown under a Ga droplet is the fact that the Ga droplet
would also shield the underlying GaN from the impact of
high energy particles from the plasma process. To identify a
potential inﬂuence of high energy particles on the defect
density, we have performed HRTEM investigations.
The HRTEM measurements of a sample grown under
Ga rich conditions are shown in Fig. 3. This sample was
grown at a total pressure of 8 Pa with a high Ar ﬂux of 80%.
The PSD GaN was deposited on a standard MOVPE GaN
buffer on sapphire substrate. In regions which were not
covered by Ga droplets, the interface between the MOVPE
GaN buffer and the PSD GaN layer is visible by the onset of
speckle contrast in the layer. This speckle pattern can be seen
all over the prepared HRTEM sample. The density of the
speckles was estimated to be around 1017 cm−3 in a thinner
area of the sample where the observed volume could be esti-
mated and the number of speckles was reliably quantiﬁable.
We assume that these speckles in the GaN are caused by the
impact of high energy particles from the plasma, which will
be justiﬁed in more detail below.
Analyzing the atomic structure of the speckles from
HRTEM images allows identifying them as isolated basal
FIG. 1. Plan view SEM micrographs
(under an angle of 30°) of homoepitax-
ial sputtered GaN on MOVPE GaN on
sapphire layers grown at different
Ar-ratios in the gas phase. At high Ar
ratio of 55%, gallium droplets occur on
the surface. The thickness of the sput-
tered GaN ﬁlms varies between 750
and 900 nm.
FIG. 2. Secondary electron (a) and
panchromatic CL (b) micrograph of a
Ga droplet on the sputtered GaN on
MOVPE GaN with position dependent
CL spectra (c) measured at 5 kV, 250
pA and room temperature, showing no
CL luminescence from the gallium
droplet (red), a “near band edge emis-
sion” (NBE) from the GaN layer (blue)
and a spectrum from the GaN that was
protected under a drop (green). The
green region shows a 10 times brighter
NBE than the blue region and also
blue and yellow luminescence.
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stacking fault with a lateral extension of around 2 nm
(Fig. 4). This isolated basal stacking fault is an extrinsic
stacking fault (type E). These extrinsic stacking faults are
known to be formed by precipitation of point defects in the
basal plane.14 The burgers vector of the conﬁning dislocation
loop is estimated by Burgers circuit to be b = 1/2 〈0001〉.
These defects can act as non-radiative recombination centres.
The isolated stacking faults have already been observed in
layers grown by plasma assisted MBE applying an electron
cyclotron resonance plasma source by Kirchner et al.15 In
their paper, the structural properties of GaN are studied as a
function of the ion energy during a plasma MBE growth.
These authors observed isolated stacking faults of extrinsic
type and of the intrinsic type I1 and attribute their formation
to high energy nitrogen ions, with a threshold energy for
plasma damage of around 100 eV. Interestingly, the extent of
the extrinsic faults was around 5 nm and that of the intrinsic
I1 faults around 7 nm, while we observed directly only the
extrinsic type with extensions below 3 nm. Based on these
experimental ﬁndings, we assume that the defects in the PSD
grown GaN have the same origin: Impingement of high
energy species from the plasma.
An additional hint for the plasma damage deteriorating
the optical quality of PSD GaN is the result from Fig. 2,
where a much higher optical quality GaN could be found for
GaN grown below Ga droplets. Ga droplets will protect the
GaN surface from direct impingement of high-energy plasma
species by retarding the neutral atoms and ions. It should be
mentioned, however, that the material growing under a Ga
droplet would use a VLS growth mechanism, in contrast to
GaN growing between Ga droplets. At this stage, the inﬂu-
ence of both aspects—VLS growth and shielding from high
energy particles—cannot be discriminated. However, since
the penetration depth of high energy particles is quite large,
it is safe to assume that ion damage plays an important role
in explaining the large differences in optical quality.
In order to get more information on the distribution of
high energy ions in the growth reactor, we started simulations
to understand the underlying mechanisms more quantita-
tively. In the MBE experiment of Kirchner et al., the kinetic
energy of nitrogen could separately be controlled with a bias
voltage15 and due to the low pressure, there is no energy
relaxation during the transport toward the substrate surface.
In the case of PSD, however, the initial ion energies have a
broad distribution and both neutral atoms and—due to the
much higher pressure—charged species are experiencing a
substantial energy relaxation on their way toward the sub-
strate. Therefore, the kinetic energy distributions during PSD
are given by a set of external parameters and thus are much
less deﬁned and more difﬁcult to control. Parameters that are
used to control the energy of the incoming ions are the pres-
sure, the distance between target and substrate, and the sput-
tering voltage. Since most of the high-energy species are
neutral, reducing the energy by retarding electric ﬁelds is
expected to have only a minor inﬂuence.
The transport of ions in matter (TRIM) simulations has
been used to estimate the energy of particles during the depo-
sition. TRIM embedded in SRIM 2013 is a Monte Carlo
computer program, which calculates interactions between
incident ions and target materials.16 We simulated a 50 nm
thick gallium target with a normal incidence of ions. The
thickness is sufﬁcient that no ions are transmitted through the
target. The momentum transfers to the sputtered atoms have
been calculated, resulting in kinetic energy and direction of
the species. The path of every ion and every energized atom
is followed until it has left the target area or until the energy
dropped below the smallest binding energy in the target.
Various sources of high-energy species during the sputter
growth are discussed. On the one hand, ions are backscat-
tered and reﬂected from the target. On the other hand, Ga
atoms are sputtered from the target. Both mechanisms
produce high-energy ions and—predominantly—neutral
atoms that can potentially induce plasma damage.
On their way to the substrate surface, the particles lose
energy due to atom collisions with the plasma gas.
FIG. 3. TEM bright ﬁeld image along the <11-20> zone axis of a 300 nm
thick, homoepitaxial PSD GaN layer on MOVPE GaN. The marked interface
shows a pseudomorphic epitaxial overgrowth of the MOVPE buffer.
A speckle pattern with a density of ∼1017 cm−3 is present in the whole
PSD GaN layer.
FIG. 4. (a) HRTEM cross sectional micrograph of an isolated basal stacking
fault of extrinsic type having a …ABABCABAB… stacking sequence
together with (b) Bragg ﬁltered images showing the (0002) and the (2-200)
lattice fringes, respectively. And the (c) strain ﬁelds εzz and. εzx, with
x = [1-100] and z = [0001] are also shown. While the εzz strain is caused by
the dislocation loop with Burgers vector 1/2*[0001] conﬁning the extrinsic
stacking fault as analyzed by geometrical analysis, the shift of the lattice
fringes of the inserted stacking fault layer (the C layer) is visible in the shear
strain component εzx.
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The retardation depends on the mass of the used gas mixture.
As a maximum sputtering voltage we used 500 V, resulting
in a maximum energy of 500 eV, corresponding to the
maximum negative voltage at the target during the process.
The simulations are considering the generation of energetic
atoms at the target and the transport of high energetic ions
through the gas phase. Nitrogen as well as various inert
gases like helium, neon, argon, and krypton, which might be
suitable for sputtering deposition, were investigated. The
species have different atomic mass and hence will modify the
energy transfer during atomic collisions. Additionally,
gallium was considered, because sputtered gallium can be
ionized and then accelerated for self-sputtering.
Figure 5(a) shows the energy spectrum of the ions
which are backscattered from the gallium target. As
expected, atoms with a small mass are backscattered with
higher maximum energy. For monoatomic nitrogen, which
is necessary for nitride deposition, the maximum energy is
as high as 350 eV, which is much higher than the thresh-
old for defect generation of 100 eV as stated above.
Figure 5(b) shows the number of ejected Ga atoms as a
function of their kinetic energy when sputtered by various
types of sputter ions.
The simulation shows that the majority of sputtered Ga
atoms as well as backscattered nitrogen or argon atoms have
kinetic energies below the threshold for defect generation of
100 eV.15 In Fig. 5, the number of sputtered Ga atoms as
well as backscattered atoms with energies above the threshold
for defect generation is shown as a function of the type of
sputter gas. Table I summarizes the maximum energies for
the different sputter gases. Furthermore, the mass number
and the sputter yield calculated by the TRIM simulations are
given. The energy of backscattered ions is low when they are
sputtered with atoms of high atomic mass, see Table I,
krypton. The energy of sputtered Ga atoms is low when sput-
tered with atoms of low atomic mass, see Table I, helium. To
judge the potential impact on defect generation, however, the
energy relaxation during diffusion to the substrate surface
has to be taken into account.
To evaluate the kinetic energies of the incoming species
at the substrate surface, the energy relaxation of an atom
moving through a sheet of gas at a pressure equal to the oper-
ating pressure of the system has been simulated assuming a
distance of 100 mm between target and substrate. In this way,
collisions between the sputter and plasma gas atoms in the
chamber occur. In this way, the initial kinetic energy of an
atom leaving the target area is distributed among many other
atoms, and by that the maximum kinetic energy is reduced
with each collision. We simulated this transport by TRIM
using a gas mixture of 90% Ar and 10% N2 with a density of
1.7 × 10−4 kg m−3 corresponding to a pressure of 10 Pa.
Figure 6 shows the energy distribution at the substrate posi-
tion. For simplicity, an initial kinetic energy of 500 eV was
assumed for all ions, even though the results in Fig. 5 show a
broad distribution.
Figure 6 shows that practically no gallium atoms with
energies above the threshold of 100 eV for generation of iso-
lated basal stacking faults are reaching the substrate after a
FIG. 5. Energy distribution of backscattered ions with different mass numbers A (a) and sputtered Ga atoms (A = 70); (b) simulated by TRIM, 200 000 ions of
the listed element with an energy of 500 eV and a normal incidence angle to the gallium target were calculated by the program. The elements are representing
the used gas atmosphere during the sputter process. The energy of the atoms is binned with 1 eV. The energy of the backscattered ions is higher with lower
atomic mass. The energy of the sputtered Ga atoms is the highest if argon is used.
TABLE I. Overview of the values for the different elements that were
simulated. For every element, the atomic number, the sputter yield, the
maximum energy of backscattered ions, and the maximum energy of
sputtered Ga atoms are given.
Element
Mass
number Yield (atoms/ion)
Maximum
energy of
backscattered
ions (eV)
Maximum
energy of
sputtered Ga
(eV)
He 4 0.156 448 98
N 14 1.167 350 268
Ne 20 1.604 310 330
Ar 40 1.890 177 452
Kr 84 1.12 35 283
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distance of 100 mm. In contrast to that, nitrogen atoms are
less efﬁciently decelerated during the ballistic transport
toward the substrate. In fact, nitrogen is the species which
impinges with highest energies. From that, we conclude that
nitrogen is the most probable cause for defect generation by
high energy particles during nitride plasma deposition.
CONCLUSIONS
Ion damage has been identiﬁed to be a major source for
defect formation and hence the low optical material quality
during pulsed sputter deposition of GaN. We have identiﬁed
isolated basal stacking faults in sputtered GaN ﬁlms as a con-
sequence of sputter damage. From our simulation results of
the ballistic transport of high-energy species through the gas
phase, we conclude that nitrogen is the main source of high
energy particles, and that Ga atoms or ions play a minor role.
Consequently, changing the type of sputter gas will not sub-
stantially contribute to improve the structural perfection of
the sputtered material. Other strategies for reducing the
impact of nitrogen species are increasing the reactor pressure
during deposition and/or increase substrate to target distance.
Both measures, however, will reduce the growth rates sub-
stantially. It depends on the growth reactor and the target
area, whether an acceptable compromise between low defect
generation and high growth rate can be found.
An alternative strategy is to use surfactants in the form
of liquid metal ﬁlms on the substrate to shield the semicon-
ductor from the impact of high-energy particles. This has
been shown by analyzing the optical quality of GaN grown
beneath Ga droplets occurring statistically on the surface
during Ga-rich plasma deposition.
When the high quality GaN material can reproducibly be
demonstrated by plasma sputtering, it will have a tremendous
impact on future GaN technology in general, since this
would lead to larger area growth, which in semiconductor
technology generally leads to cost reduction. As we have
demonstrated, however, key challenges have to be addressed
ﬁrst, including the ion damage caused by high energy atoms
during the sputtering process. However, measures have been
discussed to reduce this negative impact. A thorough optimi-
sation of the growth reactor and growth process has to be per-
formed in order to fabricate high quality GaN in a plasma
deposition process.
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FIG. 6. Energy distribution of monoatomic nitrogen, molecular nitrogen,
argon and gallium at a target distance of 100 mm simulated by TRIM. 200
000 ions of the listed element with an energy of 500 eV were calculated
passing 100 mm of a 90% Ar and 10% N2 mixture at the pressure of 10 Pa.
The energy of the atoms is binned with 1 eV.
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